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Introduction 
 
The goal of this application is to elucidate the importance of down regulation of AR 
signaling by multiple selenium compounds and select the best leading selenium 
compound for prostate cancer chemoprevention and therapy. In this application, we will 
further study the mechanisms of AR downregulation by multiple selenium compounds 
and functional significance of this down regulation in prostate cancer chemoprevention 
and therapy. Prevention trials demonstrated that selenium reduced prostate cancer 
incidence by 50%, establishing selenium as a promising chemopreventive agent for 
prostate cancer. Selenium inhibited human prostate cancer cell growth, blocked cell cycle 
progression at multiple transition points, and induced apoptotic cell death. We have 
demonstrated a novel mechanism of selenium anticancer action in which selenium 
markedly reduces androgen receptor (AR) expression and AR-mediated gene expression 
including prostate-specific antigen (PSA) in human prostate cancer cells in vitro and in 
vivo. Androgen signaling through androgen receptor (AR) plays an important role not 
only in maintaining the function of the prostate, but also in promoting the development of 
androgen-independent prostate cancer. AR signaling is often hyperactive in androgen-
independent prostate cancer. A common treatment for prostate cancer is androgen 
deprivation. Although most men respond to androgen deprivation therapy initially, almost 
all relapse due to the growth of androgen-independent cancer cells. Most of the androgen 
deprivation treatments are either blocking androgen-AR binding or reducing the levels of 
androgen. Based on our novel finding that selenium disrupts AR signaling by reducing 
AR expression, a completely different mechanism from the current androgen deprivation 
therapy, it is conceivable that targeting AR signaling by a combination of androgen-
deprivation therapy and selenium (reducing AR expression) might improve the efficacy 
of current androgen deprivation therapy. This concept was validated in vitro in which the 
combination of selenium and anti-androgen (Casodex) synergistically inhibited 
clonogenic ability of human prostate cancer cells, providing a rationale for in vivo 
validation of the combination of selenium and anti-androgen therapy for prostate cancer. 
The hypothesis is that anticancer effects of multiple selenium compounds are mediated, 
in part, by inhibition of AR activity and that decreased AR signaling may reduce the 
incident of prostate cancer and prevent or delay relapses after androgen deprivation 
therapy. The goal of this application is to elucidate the importance of down regulation of 
AR signaling by multiple selenium compounds and determine the best leading selenium 
compound for prostate cancer chemoprevention and therapy. 
 
Body 
 
We have made significant progress of task 1 (i.e., To compare the effect of multiple 
selenium compounds and determine the molecular basis of the effects of multiple 
selenium compounds on AR expression (Months 1-8).  
 
MSA decreases AR mRNA stability Our results suggest that while MSA decreased 
AR mRNA levels at the transcriptional level, AR mRNA expression can also be 
regulated at post-transcriptional level. To examine whether MSA affects AR mRNA 
stability, LNCaP cells that express functional AR were treated with or without 5 µM of 
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MSA in the presence of actinomycin D (5 µg/ml) to stop de novo mRNA synthesis. 
The total RNA was isolated at different time points and AR mRNA levels were 
measured by Northern blot analysis. The half-life of AR mRNA was determined by 
comparison of mRNA levels over time between cells treated with or without 
actinomycin D, either in the presence or absence of MSA. Since actinomycin D is 
capable of inducing cell death, we monitored cell growth for a period of 24 h and did 
not observe cell death or growth inhibition with the concentration of actinomycin D 
used (5 µg/ml). We did not observe significant cell death or growth inhibition at 5 µM 
MSA over a period of 24 h in LNCaP cells. MSA treatment initially enhanced AR 
mRNA levels within 6 h. However, AR mRNA levels were significantly decreased by 
MSA compared to the control at 8 h. Figure 1 shows on the semi-log plot, the mean 
values of percentage of AR mRNA levels over time relative to respective time zero AR 
mRNA value as 100%.  In MSA treated cells, AR half-life was reduced to about 7 h 
from 12 h in the control cells, suggesting that AR mRNA degradation was greatly 
accelerated in the presence of MSA after 6 h. 

 
Figure 1  Effect of MSA on AR mRNA stability 
in LNCaP cells. The mRNA synthesis inhibitor 
antinomycin D (5 µg/ml) was added with or 
without 5 µM MSA at time 0. At specific time 
points, cells were harvested and total RNA as 
isolated by Northern blots. Points, means of 
three independent experiments plotted on semi-
log scale relative to respective time zero AR 
mRNA value as 100%; bar, SD. 
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MSA increases AR protein turnover   We have demonstrated that MSA decreased the 
levels of AR mRNA and protein in LNCaP cells. We next examined the effect of MSA 
on AR protein degradation after new protein synthesis was blocked by cycloheximide 
as a potential mechanism for downregulation of AR protein level. The protein synthesis 
inhibitor cycloheximide (50 µg/ml) was added with or without 5 µM MSA at time 0. At 
specified time points, cells were harvested and the levels of AR protein were measured 
by Western blot using anti-AR antibody. In MSA-treated cells, the half-life of AR 
protein was reduced to 6 h from 21 h in the control cells (Fig. 2A), suggesting that AR 
protein degradation was greatly enhanced in the presence of MSA. Systematic protein 
degradation by the ubiquitin-proteasome system plays an important role in the 
maintenance of protein stability. Protein ubiquitination provides the recognition signal 
for the 26S proteasome, leading to protein degradation. Studies demonstrated that AR 
protein level in cells is regulated by systemic protein degradation pathways. To 
examine whether selenium induced AR protein degradation via ubiquitin-proteasome 
system, the 26S proteasome inhibitor MG132 was added to the cells treated with MSA. 
MG132 was able to retard MSA effect on AR protein levels (Fig. 2B), suggesting that 
MSA induced AR degradation via a proteasome-dependent pathway.  
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Figure 2. A. Effect of MSA on AR protein turnover in LNCaP cells. The protein synthesis 
inhibitor cycloheximide (50 µg/ml) was added with or without 5 µM MSA at time 0. At specific 
time points, cells were harvested and cell lysates were prepared. AR protein levels were 
determined by Western blot analysis using antibody specifically against AR and normalized to -
actin control. Points, means of three independent experiments plotted on semi-log scale relative to 
respective time zero AR value as 100%; bars, SD. B. Effect of MG132 on MSA induced AR 
protein degradation. MG132 (5 µM) was added to LNCaP cells together with cycloheximide (50 
µg/ml) in the presence and absence of 5 µM of MSA. The cell lysates were prepared at 24 h. AR 
protein levels were determined by Western blot analysis using antibodies specifically against AR 
and -actin as a control. 

 
Selenium inhibits AR nuclear translocation  AR typically translocates to the nucleus 
to exert its function on gene expression. To examine whether selenium affects the 
translocation of AR, Western blot analysis was performed using cell extracts from 
either cytosolic or nuclear extracts. LNCaP cells were cultured in charcoal stripped 
FBS for 3 days before adding 10 nM of DHT in the absence or presence of 10 µM 
MSA for 2 h. Nuclear and cytosolic fractions were prepared and used for Western blot 
analysis using the anti-AR antibody. DHT treatment increased the levels of AR protein 
expression in the nucleus which were reduced by the treatment with MSA (Fig. 3). In 
contrast, MSA had little effect on AR protein expression in the cytosol. The expression 
of RNA polymerase II (Pol II) and Hsp90 were used as markers for the integrity of the 
nuclear and cytosolic fractions, respectively. These results suggest that MSA 

suppresses AR signaling in part via 
interruption of AR nuclear translocation. 
 
Figure 3. The effect of MSA on AR nuclear 
translocation. LNCaP cells were cultured in 
charcoal stripped FBS for 3 days and treated with 
10 nM DHT with or without 10 µM MSA for 2 h. 
The cells were harvested for preparation of 
cytosolic and nuclear fractions and analyzed by 
Western blotting using antibodies against AR, Pol 
II, or Hsp90. The expression of Pol II and Hsp90 

were used as markers for the integrity of the nuclear and cytosolic fractions, respectively. 
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Selenium inhibits the recruitment of coactivators and enhances the recruitment of 
corepressors to AR target genes   AR interacts with coregulators to achieve maximal 
transactivation activity. To examine the effects of selenium on the recruitment of 
coregulators to the promoters of AR target genes, chromatin immunoprecipitation 
(ChIP) analysis was performed. DHT increased the recruitment of AR and TIF-2, SRC-
1 to the promoter of PSA gene in the absence of MSA and this recruitment was greatly 
diminished in the presence of 5 µM MSA (Fig. 4). On the other hand, MSA treatment 
prevented the nuclear translocation of AR in the presence of hormone, thus the 
corepressors including SMRT and NCoR remain bound to the promoter of the PSA 
gene (Fig. 4). These results suggest that MSA-mediated reduction of AR activation may 
be due, at least in part, to a decrease in the recruitment of AR and its coactivators to the 
promoter of the AR target gene PSA, while maintains corepressors bound to  the 
promoter. 
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Figure 4. Effect of MSA on the recruitment of AR and coregulators to the promoter of an 
endogenous AR target gene, PSA. The in vivo binding of AR and coregulators to the PSA 
promoter was examined by the ChIP assay. LNCaP cells were cultured in charcoal stripped 
condition for 3 days. Soluble chromatin was prepared from cells treated with 10 nM  DHT for 4 h 
(+) or untreated (-) in the presence (+) or absence (-) of 10 µM MSA and immunoprecipitated 
with antibodies against AR, TIF-2, SRC-1, SMRT, and NCoRI. Co-precipitated DNA was 
amplified by PCR using primers that flank the ARE in the PSA promoter region. The presence of 
total PSA promoter DNA in the soluble chromatin prior to immunoprecipitation was included as 
input.  

 
We have made progression on task 2 (To determine the role of AR in selenium 
growth inhibition in prostate cancer).  
 

We have demonstrated that overexpression of AR interferes with MSA-mediated growth 
inhibition. In an effort to evaluate the biological significance of MSA suppression of 
androgen receptor signaling, we transiently transfected LNCaP cells with a wild-type 
androgen receptor and assessed the response of the androgen receptor–overexpressing 
cells to MSA-induced growth inhibition. The MTT assay was conducted at 48 hours post-
MSA, and the data are presented in Fig. 5A. In the absence of MSA, cell growth was not 
altered by the transfection of androgen receptor (data not shown), indicating that the 
endogenous level of androgen receptor is not a limiting factor for the growth of these 
cells. MSA treatment inhibited growth by 40% in the mock transfectants, as opposed to 
27% in the androgen receptor transfectants. The difference is statistically significant (P = 
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0.003). Thus, androgen receptor overexpression was able to weaken the growth 
suppressive activity of MSA. One reason that the difference was seemingly compressed 
was due to the fact that only a fraction of cells was successfully transfected, and in this 
study, cell growth was assessed using the whole cell population. To address the last 
problem, we cotransfected cells with the androgen receptor expression vector and a 
membrane-GFP-encoding construct. The cells were then subjected to BrdUrd labeling, 
and the data were analyzed by gating just the GFP-positive cells. As shown in Fig. 5B, 
after selecting for the subset of GFP-positive cells, we found that MSA inhibited DNA 
synthesis by a very modest 16% in the androgen receptor transfectants, as opposed to 
72% in the mock transfectants. Because the GFP and androgen receptor cDNAs are not 
located in the same plasmid construct, it is possible that not all the cells positive for GFP 
are also positive for the transfected androgen receptor. Thus, our selection process only 
led to an enrichment, rather than an exclusive selection, of double-positive cells. 
Therefore, the difference between the mock transfectants and the androgen receptor 
transfectants might have been even more pronounced if all the cells used in the 
experiment were successfully transfected with androgen receptor. Figure 5B also shows 
that when we did the BrdUrd labeling experiment with the nonenriched androgen 
receptor–transfected cells, the inhibition by MSA was about 45%, a value half-way 
between that achieved by the mock transfectants and the enriched androgen receptor 
transfectants.  

 

 
 
Figure 5. Effect of androgen receptor (AR) 
overexpression on MSA inhibition of cell 
growth. A, MTT cell growth assay in androgen 
receptor– or mock-transfected LNCaP cells 
treated with MSA. Western blot confirmation of 
androgen receptor protein level (inset). B, 
BrdUrd labeling of selected GFP-positive or 
nonselected androgen receptor–transfected 
LNCaP cells treated with MSA. Columns, % 
inhibition compared with untreated control. *, P 
< 0.05, statistically different from mock 
transfectant. **, P < 0.05, statistically different 
from mock transfectant and nonselected 
androgen receptor transfectant.  
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We have made progress on task 3 (To evaluate combination of selenium 
and anti-androgen therapies in mouse models of prostate carcinogenesis). 
 
Combination of selenium and anti-androgen synergistically reduces AR transactivation  
A common treatment modality for prostate cancer is androgen deprivation. The goal of these 
androgen deprivation treatments is either blocking androgen-AR binding or reducing the levels 
of androgen. Although anti-androgen treatment is effective, the anti-tumor effects can be 
temporary. Numerous studies have demonstrated that AR is expressed and AR signaling 
remains intact and is often hyperactive in androgen-independent prostate cancer. Selenium 
decreases AR expression and reduces AR activation provides a molecular basis for selenium 
chemoprevention and chemotherapy targeting AR signaling in prostate cancer. We hypothesize 
that an intervention strategy aimed at both blocking ligand binding (chemical or surgical 
castration) and dampening AR expression (selenium treatment) would be achieve better 
therapeutic effect than either alone. To test this hypothesis, we first examined whether 
combination of selenium with anti-androgen, flutamide (Flu), can synergistically inhibit AR 
transactivation in human prostate cancer cells in vitro. C4-2 cells were transfected with ARE-
containing luciferase reporter and treated with either flutamide or MSA alone, or the 
combination of flutamide and MSA. The ARE luciferase activity was reduced by either 
flutamide or MSA alone, however, combination of flutamide and MSA achieved much greater 
inhibition of ARE luciferase activity than either flutamide or MSA alone (Fig. 6), suggesting 
that blocking AR ligand binding and reducing AR expression may synergistically inhibit AR 
transactivation in prostate cancer cells. 
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Fig. 6.  The effect of combination of selenium (Se) and flutamide (Flu) on AR activation in 
C4-2 cells.  C4-2 cells were transfected with plasmid containing androgen responsive element 
(ARE)-luc and treated with either Se or Flu alone or together as indicated. Luciferase activity 
was determined and normalized to the amount of protein.  
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The effects of combination of MSA and antiandrogen agents on clonogenic ability in vitro 
in C4-2 cells  To test whether reduction of AR transactivation by the combination of flutamide 
with MSA affects cell clonogenic ability in vitro, C4-2 cells were treated with either flutamide 
or MSA alone or together, and clonogenic ability was determined. Treatment with flutamide or 
MSA alone reduced C4-2 clonogenic ability, combination of flutamide and MSA inhibited C4-
2 clonogenic ability much greater than either one alone (Fig. 7), suggesting that combination of 
flutamide with MSA can synergistically inhibit C4-2 cell clonogenic ability in vitro.   
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Fig. 7. The effects of combination of selenium (Se) and flutamide (Flu) treatment on clonogenic 
ability of C4-2 cells.  
 
Effect of combination of selenium and anti-androgen on xenograft models of human prostate 
cancer     
Having demonstrated that combination of selenium and anti-androgen agents can achieve 
better efficacy on inhibiting AR activation and cell clonogenic ability, we next test the effects 
of the combination on in vivo tumor growth. The effect of combination of 
methylselenocysteine (MSC) and hydroxyflutamide on tumor growth of C4-2 prostate cancer 
growth was demonstrated in vivo.  The male nude mice were co-inoculated with 3 x 10 6  cells 
and Matrigel. When the tumors became palpable, the mice were divided into 4 groups with 8 
mice in each group. One group was treated with 100 μg MSC, the rest groups were treated with 
500 mcg of hydroxyflutamide, 500 mcg hydroxyflutamide plus 100 μg MSC, and vehicle 
control by i.p. injection daily for 12 days, respectively.  Tumor volume was measured 3 times a 
week.   As shown in Fig. 8, MSC + flutamide had a greater effect on suppression of tumor 
growth than flutamide alone. 
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Figure 8. The effect of combination of MSC and hydroxyflutamide on tumor growth of C4-2 
prostate cancer growth in vivo.  The male nude mice were co-inoculated with 3 x 10 6  cells and 
Matrigel. When the tumor became palpable, the mice were divided into 4 groups with 8 mice in 
each group. One group was treated with 100 mcg MSC, the rest groups were treated with 500 
mcg of hydroxyflutamide, 500 mcg hydroxyflutamide plus 100 mcg MSC, and vehicle control 
by i.p. injection daily for 12 days, respectively.  Tumor volume was measured 3 times a week.  
 
Effect of combination of MSC and flutamide treatment on AR, Akt expression 

We previously demonstrated that selenium significantly suppressed AR expression and 
AR-regulated gene PSA expression in LNCaP cells in vitro. To determine whether selenium 
affects AR expression in vivo, we determined AR protein expression in the C4-2 bearing tumor 
tissues using Western blot. The levels of AR protein expression were considerable decreased 
by the treatment with either MSC or flutamide alone and by the combination of MSC and 
flutamide (Fig. 9).  The expression of phosphorylate Akt was also decreased by the treatment 
with either MSC or flutamide alone, and the expression was further decreased by the 
combination of MSC and flutamide (Fig. 9).   
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Fig. 9.  AR and Akt protein 
expression in tumors by Western blot 
analysis. Nuclear extracts were 
isolated from tumors of individual 
mice and indicated and subjected to 
Western blot analysis. 
 
 
 
 
 

 

 11



  Gao, Allen 

We recently found that selenium prevent SP1 protein bind ing to AR pro moter, which 
could potentially decrease AR mRNA transcription. 
 
We also found that sele nium down regulate Hsp90 protein expression. Since Hsp90  
is a AR ch aperone protein, it is possible that selenium  down-regulates AR by  
modulating Hsp90 chaperone function. We ar e currently performing experiments t o 
further understanding the effects of selenium on Hsp90 and AR regulation in prostate 
cancer cells. 

 
 
Key research accomplishments 
 

 We demonstrated that selenium downregulates AR signaling in prostate cancer 
cells. 

 MSA decreases AR mRNA stability. 
 MSA increases AR protein turnover. 
 Selenium inhibits AR nuclear translocation. 
 Selenium inhibits the recruitment of coactivators and enhances the recruitment of 

corepressors to AR target genes. 
 Combination of selenium with antiandrogen significantly reduced the number of 

colony formation than either selenium or antiandrogen alone. 
 Combination of selenium with antiandrogen has a greater effect on suppression of 

tumor growth than either flutamide or selenium alone. 
 Combination of selenium with antiandrogen significantly reduced the levels of 

AR and Akt protein expression in tumors. 
 Selenium prevents SP1 protein binding to AR promoter, which could potentially 

decrease AR mRNA transcription. 
 Selenium down regulates Hsp90 protein expression. Since Hsp90 is a AR 

chaperone protein, it is possible that selenium down-regulates AR by modulating 
Hsp90 chaperone function. 
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Conclusions 
 

 We demonstrated that selenium downregulates AR signaling via multiple 
pathways including decreases AR mRNA and protein expression, decreases 
AR mRNA stability, increases AR protein turnover, inhibits AR nuclear 
translocation, and affects the recruitment of coregulators to the androgen 
responsive genes.  

 
 Combination of selenium and anti-androgen therapies has better antitumor 

effect than either selenium or anti-androgen alone. 
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